Abstract-The International Electrotechnical Committee Technical Report IEC 61000-3-15:2011 provides electromagnetic compatibility requirements and test conditions for distributed generators up to 75 A per phase. In the current research, two commercially available photovoltaic (PV) inverters up to the capacity of 3600 W were tested following the guidelines proposed in IEC 61000-3-15 in relation to low order harmonic emission and flicker emission. In addition, the harmonic and flicker emission behaviour of the PV inverters were investigated under varying irradiation conditions. Both PV inverters were observed to comply with the emission requirements prescribed by the technical report under most conditions except for even order harmonics, which were observed to be in excess of the stipulated limits. Furthermore, fluctuation in solar irradiation was observed not to have any significant impact on flicker emission of the PV inverters under consideration.
I. INTRODUCTION
T HE proliferation of distributed generation (DG) such as photovoltaic (PV) generation systems in the LV distribution network can impact the power quality (PQ) in electrical networks [1] . The recently published IEC Technical Report IEC 61000-3-15 [2] focuses on proposing PQ emission limits for individual DG units up to 75 A per phase and providing guidelines on the assessments of PQ emission of such DG units under controlled conditions, in order to ascertain that DG units maintain adequate voltage quality in the distribution network in which they are connected. The power quality concerns addressed in [2] include low order harmonic emission, flicker and voltage fluctuations, DC injection, short and long duration over voltages and switching frequency harmonic emission. In the case of harmonics and flicker emission, the proposed emission limits and test procedures are mainly based on the corresponding equipment standards [3] - [6] .
PV systems can inject low order harmonic current into the distribution grid as a consequence of the control strategy used, the background distortion present at the point of connection (PCC) and other well documented reasons [7] , [8] . The impact of harmonic currents produced by PV systems on the harmonic voltage distortion of the distribution network mainly depends on the impedance of the supply grid. Hence, PV systems connected to weak distribution networks (i.e. characterised by a low short-circuit current ratio or high network supply impedance) can introduce excessive harmonic distortion to the network [2] . In addition, distribution networks may suffer from an increase in the levels of voltage fluctuations leading to flicker due to the output power fluctuations of the PV system induced by varying solar irradiation, especially in weak distribution networks. In spite of various field measurements and simulation work carried out in relation to harmonic and flicker emission from PV systems in established technical literature [9] , [10] , only limited research outcomes are available in the public domain [11] in which controlled experiments are carried out in a laboratory environment to investigate their PQ behaviour. Hence, the objective of the current research is to evaluate the PQ behaviour of PV systems in relation to harmonic and flicker emission by conducting PQ emission tests on two PVIs in a laboratory, following the procedures detailed in the IEC Technical Report [2] . The outcomes are then compared with the stipulated emission limits in [2] .
The paper is organised as follows. Section II describes the laboratory experimental setup used for evaluation of PQ emission in PV systems. Section III summaries the outcomes when PVIs were tested under simulated public supply and under distorted supply conditions. Voltage fluctuations and flicker emission from the PVIs under normal operation are investigated in Section IV. The PQ behaviour of the PVIs, when the PV arrays connected to the PVIs are subjected to fluctuations of irradiance and ambient temperature is analysed in Section V. Conclusions are given in Section V.
II. EXPERIMENTAL SETUP
The IEC technical report categorises all DGs into two main types as; DGs with rated current less than 16 A and DGs with rated current above 16 A and less than 75 A. The test setup and test conditions can vary based on the rated current of the DG. The general schematic of the test setup used to evaluate the PQ emission from the PV systems (i.e. PV inverters) is given in Fig. 1 . The details of the differences between test setup and test conditions are addressed in subsequent sections.
The key components of the test setup are explained as follows:
• AC power source -California Instrument MX30 programmable AC power source was used to emulate the public supply. The source is capable of absorbing active and reactive power supplied by the PVI and simulating various pre-distortion levels required for test conditions specified in [2] . 1 For all DGs with rated current below 16 A the test impedance proposed in [2] correspond to the IEC 60725 reference impedance, which is 0.4+j0.25 Ω consisting of phase impedance of 0.24+j0.15 Ω and neutral impedance of 0.16+j0.10 Ω; whereas, for all DGs with rated current below 75 A (and above 16 A) the test impedance is 0.25+j0.25 Ω consisting of phase impedance of 0.15+j0.15 Ω and neutral impedance of 0.1+j0.1 Ω. However, due to the unavailability of the IEC 60725 reference impedance all test cases were conducted using the test impedance of 0.25+0.25j Ω.
2 According the manufactures' data the PVI complies with limits established by IEC 61000-3-11 and IEC 61000-3-12. Hence, the PVI was considered to belong to the category of DGs with rated current above 16 A and below 75 A. 
III. ASSESSMENT OF HARMONIC CURRENT EMISSION
FROM A PVI In order to verify that PV systems do not significantly exacerbate either current or voltage distortion levels in a distribution network, the Technical Report IEC 61000-3-15 [2] proposes two different tests to be carried out on the PVI. In the first test, named the "product test", PVIs are tested for harmonic current emission under simulated public supply network conditions [2] . The product test method utilises the test set up given in Fig. 1 with the impedance unit bypassed. If the PVI meets the stipulated emission limits in [2] , the PV system is expected to function properly in all but the most exceptional cases.
In addition, the network in which the PV system is connected may not be ideal and have pre-existing distortion voltage levels; hence, the additional voltage distortion caused by the operation of PVI is required to be limited. In addition, the effects that high crest factor loads 3 such as TVs, computers and microwaves have on PVIs should be known. Therefore, a supplementary test named the "system test"' is proposed in [2] in which the increase in voltage total harmonic distortion (THD) due to the connection of a PVI is compared against a prescribed value. The system test method utilises the same experimental setup as in the product test with the impedance unit connected in-line with the test setup. In addition, linear and non-linear loads are used to generate the specified preexisting distortion levels which emulate the actual conditions of the public supply network.
In the following section, the aforementioned tests were conducted on the two PVIs introduced in Section II and the corresponding the results are presented.
A. Harmonic Emission of PVIs Connected to a Simulated Pubic Supply -The Product Test
Each PVI was connected to the test setup as shown in Fig. 1 with the AC source voltage set to a nominal voltage of 230 V. Based on the PVI rated current, the corresponding predistortion levels as given by clause 7.2.4 of [2] were introduced to the AC source voltage, in-order to emulate the public power inverter operating at 100% power inverter operating at 75% power inverter operating at 50% power inverter operating at 25% power inverter operating at 100% power inverter operating at 75% power inverter operating at 50% power inverter operating at 25% power supply. As some PVIs with DC/AC current control will use open loop control for low power levels and closed loop control for high power levels [2] (which in turn affects their harmonic behaviour), each PVI was tested at 100%, 75%, 50% and 25% of their rated power by adjusting the irradiance and temperature inputs to the PV simulator (hence, the available output power of the PV simulator). Harmonic current emission of each PVI was recorded using the power quality analyser following the procedures specified in [3] . Fig. 2 illustrates THD of the current 4 of each PVI for various power levels. According to Fig. 2 the current THD of each PVI increases when they are operated at a lower power level than the nominal power. In the case of the 3600 W PVI, the THD increases from 3.33% to 9.15% when the power output of the PVI is reduced from 100% to 25% of its nominal power output respectively. However, for the 2100 W PVI, the THD has slightly reduced when the power output is reduced from 75% to 50% but increased to 8.23% for 25% power output.
The harmonic current emission levels of both PVIs are given in Fig. 3 . The levels given are derived as a percentage of the average rms current of the PVI when each PVI is operating at 100% nominal power. Table I provides the proposed harmonic current emission limits for DGs with a VA capacity of greater than 600 W as given in [2] . With reference to Fig. 3 , although the current THD of each PVI increases when the output power decreases, the harmonic current emission level (in amperes) can be observed to decrease for most cases. In addition the harmonic current emission of each PVI can be observed to comply with the odd harmonic current emission limits specified in Table I . However, for the 2100 W PVI the 2 nd , 4 th and 6 th harmonics are in excess of limits stipulated in 4 Current THD is defined as a percentage of fundamental current Table. I. Fig. 4 illustrates the harmonic phase angle variations of 3 rd , 5 th , 7 th and 9 th order harmonics for different output power levels of the 3600 W PVI. The corresponding harmonic phase angle diversity of each harmonic order is observed to be less and is clustered around a particular phase angle irrespective of the variation of output power. Similar observations were made with respective to the higher order odd harmonics and even harmonics.
B. Harmonic Emission of a PVI under Distorted Grid Conditions -The System Test
The system test utilises the same test setup discussed in Section II with the addition of an impedance network and additional linear and non-linear loads. Six test cases, as given by Table II , were conducted on two PVIs. Cases two to six are part of the system test specified by the [2] . In the first case, a linear load with an active power capacity equal to that of the PVI nominal power was connected to the AC source through the test impedance and the AC source was programmed to produce a pure sinusoidal waveform. The voltage THD at the load side of the test impedance was measured. Thereafter, the PVI operating at its rated power was connected to the load side of the test impedance and the increase in the voltage THD was recorded. Similar steps were followed for cases two and three, however, the AC source was programmed to produce a flat top waveform and peaky waveform (as specified by clause 7.5.2 [2] ) with voltage THD of 4% respectively. For cases four to six, the AC source was programmed to produce a pure sinusoidal waveform, however, the voltage THD at the load side of the test impedance was set using linear and non-linear load combinations with active power Fig. 4 . Phase angle diversity of (a) 3 rd (b) 5 th (c) 7 th (d) 9 th harmonic currents in 3600 W PVI for power outputs of 100%, 75%, 50% and 25% of its nominal power (blue -100% rated power, red -75% rated power, black -50% rated power , green -25% rated power capacities as given by Table II . This combination replicates high crest factor loads commonly found in LV distribution networks [12] . The increment of the voltage THD at the load side of the impedance and the THD of the current of the PVI for all six cases for each PVI are given in Fig 5-(a) and 5-(b) respectively. If the voltage THD before the connection of the PVI is less than 5% and the increment of the voltage THD after the connection of the PVI is less than 1% absolute, the PVI is deemed to pass the system test (provided that they pass the product test) and is expected to function satisfactorily when connected to the actual distribution network [2] . According to the test results given in Fig. 5 , the increment of the voltage THD is less than 1% for most cases, except for case five for the 3600 W PVI where the increment of the voltage THD is 1.2%. The post-connection voltage THD can be observed to be less than the pre-connection voltage THD value for case three using the 2100 W PVI 5 . Referring to Fig. 5 , the current THD of the PVIs for cases one to three show only a marginal variation. However, when the 3600 W PVI is connected together with a high crest factor load (replicated by the non-linear load) the current THD has increased. The opposite behaviour is observed in the case of the 2100 W PVI.
IV. VOLTAGE FLUCTUATIONS AND FLICKER UNDER NORMAL OPERATION
In this section both PVIs were tested for their flicker emission using the test conditions specified by [2] and [5] . The experimental setup given in Section II was used, with the test impedance of 0.25+j0.25 Ω connected between the AC source and the PVI. The source voltage was maintained at the 5 Note that the direct comparison of the increase in voltage THD should not be made with the prescribed value in [2] in the case of 2100 W PVI, as the proposed test impedance value in [2] is different to the test impedance used in the experiment nominal voltage of 230 V, a frequency of 50 Hz, the THD of the supply voltage at 0.18% and the flicker reading of 0.039 of the source voltage in-order to meet the requirements specified by [5] .
A 10 min. test was performed for each PVI operating at 100%, 75%, 50% and 25% of their respective nominal power output and flicker emission at the inverter side of the impedance was recorded using an IEC flickermeter. Fig. 6 illustrates the half cycle relative voltage change characteristics at the inverter side of the test impedance for a period of 0.2 s, when both PVIs are operating at the 100% power output. Note that the observation were made during the normal operation of the PVIs (i.e. while the PVIs remain connected to the test network). Referring to the Fig. 6 , the 3600 W PVI exhibits relative voltage changes slightly greater than that of the 2100 W PVI. During normal operation of the PVI, the irradiance and temperature inputs to the PV simulator were Fig. 7 . Flicker emission from PVIs when operating at 100%, 75%, 50% and 25% of their nominal power maintained at a constant value; hence, the output power of the simulated PV array was held at a constant value. Therefore, a possible reason for voltage fluctuations experienced could be the PVI control functions including the maximum power point tracking operation. Fig. 7 illustrated the increase in the flicker emission of each PVI for output power levels of 100%, 75%, 50% and 25% respectively. The results presented in Fig. 7 have been rescaled for the reference impedance value in the case of 2100 W PVI as specified by [6] . The flicker emission from the 3600 W PVI is greater compared to the 2100 W PVI. Furthermore, the flicker emission can be observed to reduce with the output power of each PVI. According to the limits stipulated by [2] , if the increase in the flicker measurements are less than 0.5, PVIs are expected to function satisfactorily when connected to the actual distribution network. Accordingly, the flicker emission from each PVI given Fig. 7 , can be observed to be significantly small, compared to the limits established by [2] . dynamic irradiance and ambient temperature during their operation, which could affect the PQ performance of the PVIs to which they are connected. In this section the PQ performance of the two PVIs introduced in Section II were analysed when the PV arrays connected to the PVI are subjected to fluctuating irradiance levels and ambient temperature, using the test setup used in Section II. Two cases were considered. In the first case, the PV simulator was programmed to emulate the output of a PV array when subjected to a fluctuating irradiance pattern heavy cloudy day sunny day Fig. 10 . Variation of the current THD of the 3600 W PVI during a heavy cloudy day and a sunny day associated with a four hour time window of a heavy cloudy day as given in Fig. 8 . In the second case, the irradiance pattern associated with a sunny day as given by Fig. 8 was considered. The fluctuation on ambient temperate is also appropriately considered in each test case. For brevity, only the outcomes associated with the 3600 W PVI are presented. The associated active power output of the PVI, the voltage at the inverter side of the impedance unit, the THD of the PVI current, for the four hour time window corresponding to heavy cloudy day and sunny day are given in Fig. 9-(a) , Fig. 9-(b) and Fig. 10 respectively.
According to Fig. 8 and Fig. 9 , the output power of the PVI can be seen to be co-related to the incident irradiation on the PV array for both test cases. An approximate linear relationship between the power output and irradiance was observed, which is slightly affected by the ambient temperature. The voltage fluctuations at the inverter side of the test impedance are observed to follow the variation of the PVI output power. As presented in Section III-A, the current THD of the PVI was observed to increase under low irradiance conditions. Fig. 11 illustrates the flicker emission of the 3600 W and 2100 W PVIs for a four hour time window during a heavy cloudy day and a sunny day. The flicker emission levels are observed to be relatively insignificant. Flicker levels for both cloudy and sunny day can be observed to be higher in the case of 36000 W PVI, compared to that of the 2100 W PVI. For the 3600 W PVI, the flicker emission during the cloudy day and sunny day shows only a negligible difference, whereas for the 2100 W PVI, the flicker emission during the cloudy day is higher than the flicker emission from the same PVI during a sunny day. Accordingly, the influence of the internal controls on flicker emission are predominant in the case of the 3600 W, whereas the flicker emission from the 2100 W PVI is more susceptible to the changes in the incident irradiation on the PV array.
VI. CONCLUSION This paper reports on the results of an experimental study carried out on two, commercial PVIs in order to evaluate the harmonic and flicker emission. A series of tests, as specified by IEC Technical Report IEC 61000-3-15 were performed using the PVIs, and the results were compared against the stipulated limits. Both PVIs complied with the prescribed limits for har- 3600 W PVI -heavy cloudy day 3600 W PVI -sunny day 2100 W PVI -heavy cloudy day 2100 W PVI -sunny day Fig. 11 . Flicker emission of the 3600 W and 2100 W PVI during a heavy cloudy day and a sunny day monics and flicker emission, except for even harmonics, where excessive 2 nd , 4 th and 6 th order harmonics were observed in the case of the lesser rated PVI. In addition, harmonic and flicker emission from the PVIs was measured when the PV arrays were subjected to fluctuations in irradiance and ambient temperature associated with a heavy cloudy day and a sunny day. Recorded flicker emission levels were insignificant, which implies that voltage variations caused by the passing clouds do not substantially affect the flicker emission from the PVI in the studied case.
